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METHOD AND APPARATUS FOR INTERNAL FEATURE RECONSTRUCTION 
BACKGROUND OF THE INVENTION 

[0001] The present invention relates generally to methods and systems for 

non-destructive inspection and, more specifically to non-destructive inspection 
methods and systems for reconstructing internal features of an object. 

[0002] Reverse engineering is an important approach in product design and 

manufacturing. Unlike traditional product design, reverse engineering mainly focuses 
on turning physical models into engineering design concepts or digital models. A 
typical reverse engineering process includes four major steps. The first step is to 
measure both internal and external features, and obtain a digital representation of the 
physical part. After the data is acquired, post processing the data is required, which 
includes registering data from different measurement systems or view directions, 
detecting and removing outliers, filtering noise and smoothing the inspection data. 
Based on the processed data, geometric features are extracted. Finally, a solid model 
is created based on the extracted geometric representation. 

[0003] Because the accuracy of the measurement data directly affects the 

quality of the final model, it is important to select the proper measurement methods 
and establish an effective measurement strategy. There are various methods, contact 
and non-contact, to obtain a digital representation of a physical part. Contact methods 
provide high accuracy but are cumbersome and time consuming. Non-contact 
methods are generally much faster than the contact methods. Non-contact methods, 
such as optical metrology, are widely used to measure the external features. 

[0004] There are many ways to measure external structures of a mechanical 

part. Coordinate measurement machine (CMM), laser scanners or other optical 
measurement methods are suitable to obtain such information. But measuring the 
internal structure of the part is very difficult because of the non-accessibility of the 
internal structures. Currently, two broad methodologies are primarily employed to 
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measure internal structures. One is a destructive method, involving cutting up the part 
slice by sHce and then measuring each slice to determine the internal features, 
whereas the other methodology is nondestructive and uses non-intrusive techniques, 
such as an industrial computed tomography (CT) machine to measure the part. There 
are drawbacks to both of these methodologies. The destructive method deforms the 
part before it is measured and fails to capture detailed internal structures. In addition, 
the part is not re-usable, and intensive labor is involved. Although CT is a 
nondestructive measurement method, its measurement error is large (greater than 5 
mils for most systems), and this low accuracy may lead to inaccuracy in the final 
model. 

[0005] It is therefore desirable to measure internal structures with high 

accuracy using a non-destructive method. 

BRIEF DESCRIPTION OF THE INVENTION 

[0006] Briefly, in accordance with one aspect of the present invention, a 

method for reconstructing the internal surface geometry 10 of a part 20 includes 
registering a thickness map 30 for the part with external surface data 40 for the part. 
The thickness map has a number of thickness data 32. The internal surface data 12 is 
generated using the thickness map 30 and the extemal surface data 40 to reconstruct 
the internal surface geometry. 

[0007] According to another embodiment of the present invention, an 

inspection method for reconstructing internal surface geometry 10 for a part 20 
includes obtaining extemal surface data 40 for the part 20, collecting a sequence of 
images of the part 20 using an imager 50 and generating a thickness map 30 for the 
part from this sequence of images. The thickness map 30 includes multiple thickness 
data 32. The thickness map 30 is registered with the extemal surface data 40, and a set 
of internal surface data 12 is generated using the thickness map 30 and the extemal 
surface data 40. 
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[0008] According to yet another embodiment of the instant invention, an 

inspection system 90 for reconstructing an internal surface geometry 10 of a part 20 
includes an artifact 60 having a known geometry and known dimensions. A fixture 
arrangement 58 positions the artifact relative to the part, and an imager 50 obtains 
thickness data 30 of the part and the artifact. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] These and other features, aspects, and advantages of the present 

invention will become better understood when the following detailed description is 
read with reference to the accompanying drawings in which like characters represent 
like parts throughout the drawings, wherein: 

[0010] FIG. 1 is a schematic representation of a reconstruction of the intemal*" 

surface geometry of a part using a thickness map and external surface data; 

[0011] FIG. 2 schematically represents an apparatus for reconstructing . the 

internal surface geometry of a part; 

[0012] FIG. 3 is a perspective view of an exemplary part, base, fixture 

arrangement and artifact assembly; 

[0013] FIG. 4 shows multiple views of an exemplary artifact; 

[0014] FIG. 5 shows exemplary thickness maps for the part and artifact; 

[0015] FIG. 6 shows exemplary external surface data for a part and exemplary 

external surface data for an artifact, with the thickness data for the artifact projected 
above its external surface data ; and 

[0016] FIG. 7 shows the thickness values of the artifact best fitted onto its 

external surface data and the thickness map of the part registered with its external 
surface data. 
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DETAILED DESCRIPTION 

[0017] A schematic representation of a method embodiment for reconstructing 

an internal surface geometry 10, corresponding to an internal cavity of a part 20 such 
as, for example, a turbine blade, is shown in FIG, L Information from a thickness 
map 30, representing the thickness of the part 20 at particular locations on the part, 
and external surface data 40 representing the exterior surface profile of the part 20 are 
combined to generate the internal surface geometry 10 of the part. In general, the 
thickness map 30 is a set of thickness data 32 elements that represent the thickness at 
specific locations on the part. Registering the thickness map 30 with the external 
surface data 40 requires accurate alignment between the two, and results in a set of 
internal surface data elements 12, which are logically arranged to represent a 
reconstructed internal surface geometry 10. 

[0018] As used herein, the term "external surface data" means data 

representing the surface profile of a physical object, and is consequently three- 
dimensional (3 D). Typically, external surface data may be in a digital format, 
obtained from either contact or non-contact profile generation methods, forming a 
digital representation of a physical object. External surface data may be obtained 
using methods such as optical metrology, laser scanning, coordinate measurement 
machine (CMM) measurement, among others, and all such techniques are 
contemplated herein. These and other metrology systems include touch probes, point 
scanners, line scanners and area scanners. External surface data may also be obtained 
from CAD or other similar information about the physical object. 

[0019] For the purposes of the present discussion, the "thickness" of an object 

refers to a front wall or surface thickness in the context of a hollow or semi-hollow 
object. As used herein, front wall refers to the wall of the object facing an imager, 
which is used to collect thermal images of the object, and is discussed below with 
reference to FIG. 2. As used herein, the term "thickness data" means data 
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representing the thickness of a physical object at particular locations. It may be noted 
here, that the thickness data is two-dimensional (2 D) in nature. Further a set of 
thickness data logically combines to form a 2D "thickness map" representing its 
thickness of the physical object. The thickness data and hence the thickness map may 
typically be obtained in digital format from non-destructive intemal imaging 
techniques, such as thermal imaging among others. Thermal imaging uses the 
premise that the surface temperature of a solid is representative of the heat flow 
through the solid. One of the thermal imaging techniques. Infra Red (ER) thermal 
imaging observes surface temperature changes of an object to gather information 
about its intemal structure. High power flash lamps, (such as manufactured by 
Speedotron, Corp. in Chicago, 111.), halogen lamps or arc lamps are used to apply an 
energy source at the surface of the material in a short period of time. Energy from 
such lamps is absorbed at the surface, and the heat is conducted through the material 
at a rate, which is dependent on the materiaFs thermal properties. For the purposes of 
the present discussion, "lamps" will be understood to include energy sources for 
irradiating an object, such as flash lamps, halogen lamps, arc lamps among others. An 
IR camera captures the temperature decay at the sample's surface over time, and, from 
this information, the object thickness, material properties and the presence of certain 
defects can be determined. Although the examples are directed to IR thermal imaging 
for generating thickness data, use of other techniques, such as for example. Ultra 
Sound, Computed Tomography, is contemplated herein. 

[0020] As used herein, the term "registration" refers to mapping of 

corresponding data elements from a thickness map with external surface data for a 
physical object. The registration process results in the reconstruction of the intemal 
geometry for the physical object. 

[0021] Referring now to FIG. 2, an intemal feature reconstmction system 90 

embodiment is described. A part 20 having an intemal geometry 10 is positioned 
along with an artifact 60, such that the artifact 60 and the part 20 have a fixed 
positional relationship. A set of lamps 48, such as, for example, eight high power 
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lamps, is used to irradiate the surface of the part 20 and the artifact 60 in a short 
period of time. An imager SO, having a coordinate system 80, is positioned facing the 
part 20 and the artifact 60, to collect thermal images of the part and the artifact. The 
imager 50 is typically an infrared camera that sequentially captures the thermal 
images of the part 20 and the artifact 60. For the exemplary embodiment of FIG. 2, 
the lamps 48 and imager 50 are electronically coupled with a camera and lamp control 
module 34, which controls the flash lamp firing and imager operation. For this 
exemplary embodiment, the camera and lamp control module 34 provides a sequence 
of thermal images to a computer 36, which is configured to generate thickness data 32 
by processing these thermal images. The computer 36 also receives external surface 
data 40, for example from an extemal surface data monitor 54 or from CAD drawings. 
It is appreciated here that the thickness data 32 corresponding to both the part 20 and 
the artifact 60 is captured by the imager 50, and accordingly, the resulting thickness 
map 30 comprises regions corresponding to the part 20 and the artifact 60, that are 
referred to as a part region 82 and an artifact region 84, respectively, of the thickness 
map 30, and discussed in detail with reference to FIGS. 5-7. 

[0022] As used herein, the term "computer" means a programmable device 

that responds to a specific set of instructions. Most computers typically include: a 
memory that enables a computer to store, at least temporarily, data and programs; a 
mass storage device that allows a computer to permanently retain large amounts of 
data (common mass storage devices include disk drives and tape drives); an input 
device, for example, a keyboard or mouse, through which data and instmctions enter a 
computer; an output device for example a display, screen or printer or other device 
that allows one to see what the computer has accomplished; and a central processing 
unit (CPU), the component that executes instructions. 

[0023] For the exemplary embodiment of FIG. 2, the computer 36 is 

electronically coupled with the camera and lamp control module 34 and the extemal 
surface data monitor 54. The computer 36 is configured to generate a thickness map 
30 from the thickness data 32 and to register the thickness map 30 to the extemal 
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surface data 40 in order to generate internal surface data 12 of the part 20 for 
reconstructing its internal surface geometry 10. The computer 36 is further 
configured to extrapolate the artifact region of the thickness map 30 to a 3 D point 
cloud, and best fit the 3 D point cloud to artifact's external surface data 42, and 
generate a coordinate transformation matrix. The external surface data generator 54 
may include, as discussed above, a coordinate measurement machine (CMM), laser 
scanners, light gage or other optical measurement instruments. Further, in some 
embodiments of the invention, the camera and lamp control module 34, may be 
included within the computer 36. In addition, the system 90 may include a fixture 
arrangement, which is not shown in FIG. 2 but is discussed below with reference to 
FIG. 3. 

[0024] FIG. 3 shows a perspective view of an arrangement of the part 20 and 

artifact 60, in accordance with an embodiment of the present invention. The 
coordinate system 80 of the imager (not shown in FIG 3) is indicated in FIG. 3. The 
artifact 60 and the part 20 are relationally positioned by a (meaning at least one) 
fixture arrangement 58. An exemplary fixture arrangement 58 is a rigid mechanical 
structure, capable of maintaining a substantially fixed positional relationship between 
the part 20 and the artifact 60. For example, the. artifact 60 may be mounted on the 
fixture arrangement 58, which is free to move in one direction along the base 56, on 
which the part 20 is mounted. Once a suitable position between the part and the 
artifact is determined, the movement of the fixture arrangement 58 is restricted using 
a lock 46. This method may also be referred to as precision fixturing. However, 
other methods can be used for maintaining a fixed positional relationship between the 
artifact and the part, and such methods are within the scope of the present invention. 

[0025] FIG. 4 shows an exemplary artifact 60, in distinct views. The artifact 

60 has at least one land 62, which is a substantially planar surface and forms a face of 
the artifact. The artifact 60 also has at least one wedge 68, which is a substantially 
planar surface, and intersects the land 62 at an angle. The artifact 60 further 
comprises a cavity, such as a hole 70 in the artifact 60. The exemplary artifact 60 
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shown in the figure, has two lands 62, 72 forming respectively opposite substantially 
parallel faces. Two wedges 68, 78 intersect the lands 62, 72 at an angle and intersect 
each other at substantially right angles. However other relative configurations 
between the wedges are contemplated herein. Points 74 (xi.yO and 76 (X2,y2) are 
illustrated on the artifact, with their respective thicknesses indicated as ti and t2. The 
hole 70 is a through-hole, with an axis (not shown) substantially perpendicular to the 
land faces 62,72. The hole 70 serves to align the artifact 60 with the imager. The 
artifact 60 may have a well-known geometry by virtue of precision machining, from 
which geometry data for the artifact 60 may be obtained. Alternatively, geometry 
data of the artifact may be obtained by performing measurements on the artifact, in 
cases where the geometry of the artifact 60 is unknown. It is appreciated here that the 
geometry data of the artifact includes its external surface data 42. For the purpose of 
this discussion, the term 'geometry data' and 'external surface data for the artifact' are 
used interchangeably. 

[0026] An exemplary method for reconstructing the internal surface geometry 

of a part 20 is described with reference to FIGS. 2 and 3. As indicated in FIG. 3, for 
example, the artifact 60 is positioned with an orientation relative to the part 20, and a 
datum 64 (a reference feature) is selected on the part 20. For the exemplary 
embodiment of FIG. 3, the artifact 60 is attached to the part 20 using a precision 
fixturing arrangement as discussed earlier, and in this manner, relative motion 
between the artifact 60 and the part 20 (and hence the datum) is restricted. Further, 
for this exemplary embodiment, the front view of the artifact 60 is aligned to be 
perpendicular to the axis of sight of the imager 50, using the hole 70. According to a , 
more particular embodiment, the artifact 60 is positioned with the land 62 facing the 
imager 50, and more particularly, the line of view of the imager 50 is perpendicular to 
the land 62 face of the artifact. The method further includes measuring, with 
substantial precision, a location 24 of the artifact 60 relative to the datum 64. In other 
embodiments, the orientation of the artifact 60 relative to the part 20 may be known if 
the fixture arrangement 58 is known. The measurements may be taken by various 
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measurement devices well known in the art such as, for exeunple, a surface plate and 
dial gages, a coordinate measuring machine (CMM) or an optical scanner. 

[0027] More particularly, the exemplary method for reconstructing the 

internal surface geometry of a part 20 includes collecting a sequence of images of the 
part 20 and artifact 60 using an imager SO and generating the thickness map 30 for the 
part 20 and the artifact 60 from the sequence of images. The orientation of the artifact 
60 relative to the part 20 remains substantially the same while the images are 
collected. Further, orientation of the artifact 60 relative to a coordinate system 80 of 
the imager 50 provides an orientation of the part 20 relative to the coordinate system 
80 of the imager 50, as the orientation of the artifact 60 with the part 20 is known. 

[0028] In other embodiments of the instant invention, additional artifacts and 

datum, similar to the ones explained above, may be incorporated, or the same artifact 
may be repositioned in a different orientation to facihtate imaging from different 
views, as discussed below. 

[0029] As discussed above, the arrangement of FIG. 2 is precisely determined. 

Moreover, the exemplary method for reconstructing the intemal surface geometry of a 
part 20 depicted in FIG. 2 includes irradiating the part 20 and the artifact 60 prior to 
collecting the sequence of images. For this exemplary embodiment, the imager 50 is 
an infrared ("IR") camera 50, and the thickness map 30 is an IR thickness map. For 
example, the part 20 and the artifact 60 may be irradiated using flash lamps 48 as a 
heat source. Typically, the energy is supplied in a short period of time, of the order 
0.001 to 0.010 seconds, and the energy is absorbed at the surface of the part and the 
artifact. Other means for heating the part and artifact are also within the scope of the 
instant invention. The imager 50 captures the temperature decay at the sample's 
surface over time, and from this information the sample thickness, material properties 
and the presence of certain defects can be determined. More particularly, many 
hundreds of images forming a sequence of images, in certain cases on the order of 
2000 images, are recorded to reflect the history of thermal transient process. Each 
image in the sequence of images captures the temperature decay at each visible point 
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of the surface of the part or artifact, wherein the decay is also dependent on the 
internal structure of the part or the artifact, among other factors. Sequences of images 
may be collected for a number of views of the part 20, in order to cover the whole part 
20. Further, to change views, another artifact 60 may be used at a new position, and 
the part 20 (or imager 50) may be moved relative to the imager (part). Alternatively, 
the same artifact 60 may be moved to the new position, and the part/imager moved 
relative to the imager/part. Beneficially, by obtaining sequences of images for 
different views, a substantially comprehensive coverage of the part is established. 
Analysis of the sequences of images provides the thickness information for the 
sub-structures of the part or the artifact. 

[0030] The thickness map 30 is generated from the image sequence using 

known techniques. Exemplary thickness data 32: set of points (x, y) and 
corresponding thickness at the respective points are shown in FIG. 5. Logical 
assimilation of the thickness data 32 generates thickness map 30 for the part 20 and 
the artifact 60 as indicated in FIG. 5. 

[0031] As discussed earlier, external surface data 40 for the part 20 may be 

obtained from the external surface data monitor 54. External surface data for the 
artifact 42 is known from the geometry data and alternatively may be obtained using 
the external surface data monitor 54. Beneficially, the exemplary method uses 
thickness map and external surface data for the part and the artifact, and knowledge of 
their respective orientations to reconstruct the internal surface geometry of the part 
20. 

[0032] According to a more particular embodiment, a coordinate 

transformation matrix is obtained from the artifact as follows. From the artifact 
region 84 of the 2 D thickness map 30, and 3 D external surface data 42 of the artifact, 
a 3 D point cloud 86 for the artifact is obtained, as illustrated in FIG. 6. This process 
is achieved by extrapolating the 2 D points of the thickness map 84 by the thickness 
distance along a plane normal to the 2 D plane representing the face of the artifact 60, 
since the imager 50 is oriented perpendicular to the front plane (land 62) of the 
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artifact 60. The artifact 3 D point cloud 86, so obtained, is mapped onto the artifact*s 
accurately known 3 D geometry data comprising its external surface data 42, as 
shown in FIG. 7. A coordinate transformation matrix is determined for the 'best fit' of 
the point cloud 86 with the external surface data 42 for the artifact. Conceptually, a 
coordinate transformation matrix relates the precise external surface data 42 (obtained 
from artifact geometry data) of the artifact to the experimentally obtained point cloud 
86 of the artifact. Specifically, the coordinate transformation matrix consists of a 
series of numbers which are the coefficients of an equation that relates the translation 
and rotation changes between the experimental data 86 coordinate system of the 
artifact and the coordinate system used in the known geometry data of the artifact, 
such- that, when this transformation matrix is applied to each point in the part point 
cloud 82, causes each point to shift in a manner to reorient each point into proper 
position (best fits) with the coordinate system of the imager system. This accurately 
aligns the thickness map 82 of the part to its external surface data. The best fitting 
may be mathematically achieved using a number of methods. One exemplary method 
is based on algorithms such as the ICP (Iterative Closest Point) algorithm, which uses 
point cloud to point cloud registration. Such methods need to recognize conmion 
regions on both point clouds, which may be time consuming and difficult. An 
alternate registration method based on the least-square minimization avoids 
identifying a common region, and the local optimization problem may also be used. 
This alternate registration method comprises a rough alignment of the point cloud 86 
and geometry data, projecting for every point in the artifact point cloud 86 to the 
closest surface of the geometry data, and finding its corresponding projection point. 

[0033] Coordinate transformation between the artifact 2 D point cloud region 

84 in the thickness map 30 and artifact external surface data 42 is the same as the 
transformation between the part 2 D point cloud region 82 and part external surface 
data 40. Therefore, the coordinate transformation matrix, so obtained, may be 
advantageously used to reorient the plane of the part region 82 of the thickness map 
30, and more specifically, the part region 82 is accurately oriented to the external 
surface data 40 of the part 20. Once oriented, the thickness data elements 
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corresponding to the part region 82 are projected onto the part surface. The thickness 
data elements 82 are then extrapolated, according to the thickness values registered in 
the thickness map 30. This results in 3 D inner surface data 12 for the part 20, 
representing its internal features. The 3 D inner surface data 12, so obtained, is 
logically assimilated to arrive at the internal surface geometry 10 of the part. 

[0034] Although only certain features of the invention have been illustrated 

and described herein, many modifications and changes will occur to those skilled in 
the art. It is, therefore, to be understood that the appended claims are intended to 
cover all such modifications and changes as fall within the true spirit of the invention. 
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